Abstract. Previous studies have suggested that the Janus kinase (JAK)/signal transducers and activators of transcription (STAT) pathway is involved in hyperglycemia-induced lung injury. The present study aimed to investigate the roles of suppressor of cytokine signaling3 (SOCS3) in the regulation of JAK2/STAT3 activation following high glucose (HG) treatment in A549 human pulmonary epithelial cells. Cell viability was evaluated using Cell Counting Kit-8 and lactate dehydrogenase assays. HG-induced inflammatory injury in A549 cells was assessed through the evaluation of interleukin-6 (IL-6) and tumor necrosis factor-α (TNF-α) levels using ELISA. The protein expression levels of SOCS3, JAK2, STAT3, phosphorylated (p)-JAK2 and p-STAT3 were determined using western blot analysis. Cellular viability was significantly decreased, whereas IL-6 and TNF-α levels were significantly increased, following HG stimulation of A549 cells. In addition, the protein levels of SOCS3, p-JAK2 and p-STAT3 were significantly increased in HG-treated cells. Treatment with the JAK2/STAT3 inhibitor tyrphostin AG490, or SOCS3 overexpression, appeared to prevent the HG-induced alterations in protein expression. Furthermore, cellular viability was enhanced, whereas the levels of proinflammatory cytokines were suppressed. These finding suggested the involvement of the SOCS3/JAK2/STAT3 signaling pathway in HG-induced responses in lung cells. Therefore, it may be hypothesized that the inhibition of the JAK2/STAT3 pathway through SOCS3 overexpression may prevent hyperglycemia-induced lung injury, and may have therapeutic potential for the treatment of patients with diabetic lung injury.
Introduction
Diabetes mellitus is a metabolic disease with an increasing prevalence worldwide (1) . Micro-and macrovascular disorders with debilitating consequences for several organs are prevalent in patients with diabetes (2) . The alveolar-capillary network in the lungs is a large microvascular unit and can be affected by microangiopathy (3) . Diabetes has detrimental effects on retinal and glomerular microvasculature (4); however, pulmonary diabetic microangiopathy has not received considerable clinical attention, as due to the large reserve of the lung microvasculature, it is possible that substantial pulmonary dysfunction may occur without the appearance of dyspnea (3) . Therefore, the specific molecular mechanisms underlying the development of metabolic defects in the lungs have yet to be elucidated.
Previous studies have suggested that inflammation may serve crucial roles in the pathogenesis of diabetes (5, 6) . Therefore, the inhibition of inflammation has potential as a novel therapeutic strategy for the treatment of patients with diabetes (6) . Several proinflammatory cytokines have been implicated in the development of diabetic lung injury (7) (8) (9) . The Janus kinase (JAK)/signal transducers and activators of transcription (STAT) intracellular signaling pathway is activated in response to cytokine stimulation and relays biological signals to target cells (10) . The JAK/STAT pathway has been involved in the regulation of several genes involved in cell proliferation, inflammation and fibrosis. In addition, the JAK/STAT pathway has been implicated in hyperglycemia-induced nephropathy in patients with diabetes (11, 12) .
The JAK/STAT pathway is negatively regulated via various mechanisms, including the suppressor of cytokine signaling (SOCS) proteins, which have been identified as negative feedback regulators of cytokine signaling, and have been reported to be involved in the regulation of inflammatory responses (13) (14) (15) (16) (17) . The mammalian cytokine-inducible SH2-containing protein (CIS)/SOCS family consists of 8 members, including CIS and SOCS1-7 (18) . CIS/SOCS proteins are characterized by a central SH2 domain, an amino-terminal domain of variable length and sequence and a carboxy-terminal SOCS box (19) . The presence of SOCS3 has been demonstrated in the lungs (14) . The SH2 domain of SOCS3 does not have a high affinity for the activation loop of JAKs; however, the kinase inhibitory region of SOCS3 has a higher affinity for the kinase domain of JAK2 compared with that of SOCS1 (20) . Since SOCS3 can bind to interleukin (IL)-12 receptor, which can activate STAT3, SOCS3 can inhibit the IL-12-mediated activation of STAT3 (21) .
Increasing evidence indicates that SOCS proteins may be involved in the development of diabetes and disease-associated complications (22) . In addition, SOCS-modulating properties have been attributed to pharmacological agents that are currently used for the treatment of diabetes (17) . The present study aimed to investigate the function of SOCS3 in lung cells and to explore the implication of the JAK2/STAT3 signaling pathway in the molecular mechanisms underlying the effects of SOCS3 in hyperglycemia-induced lung injury. Cell culture. A549 cells were cultured in DMEM containing 5.5 mM glucose, supplemented with 10% FBS. Following 24 h, cells were subcultured using 0.25% trypsin with 0.02% EDTA following washing with PBS twice, when they reached 70-80% confluence. The following treatment groups were used: Normal glucose (NG) group, fresh 5.5 mM glucose was added to the medium; high glucose (HG) group, 25 mM glucose was added to the medium; and high osmosis (OG) group, 5.5 mM glucose and 19.5 mM D-mannitol were added to the medium. All cells were incubated at 37˚C in a5% CO 2 atmosphere for 48 h (23) .
Materials and methods

Materials
When the A549 cells reached 70-80% confluence they were cultured in DMEM containing 5.5 mM glucose without FBS for 24 h. Subsequently, they were treated with 10 µmol/l tyrphostin AG490 in serum-free DMEM containing 25 mM glucose (HG+AG490 group) and incubated at 37˚C in a 5% CO 2 atmosphere for 24 h. Cells were then collected for subsequent experiments.
Plasmid transfection. A549 cells were seeded at a density of 2x10 5 cells/ml in DMEM supplemented with FBS 24 h prior to transfection. Cells were 40-80% confluent on the day of transfection and were treated according to the manufacturer's protocol. Cells were transfected, using Attractene, with empty vector control (HG+SOCS3 -group) or with pcDNA3.1-SOCS3 expression vector (HG+SOCS3 + group) and incubated in serum-free medium for 6 h. Subsequently, the medium was replaced with fresh medium containing 5.5 mM glucose and cells were cultured for 24 h. Then, the medium was replaced with 25 mM glucose-containing medium and cells were incubated for an additional 24 h.
Cell viability assay.
A total of 100 µl adherent A549 cells from each experimental group were cultured in 96-well plates (1x10 4 cells/well), and the supernatant was collected for the LDH toxicity assay. The assay was performed according to the manufacturer's protocol and the absorbance of each sample was measured at 450 nm using a microplate reader. For the CCK-8 assay, the medium was removed and cells were washed twice with PBS. Fresh medium and 10 µl CCK-8 solution were added to each well and cells were incubated for 2 h at 37˚C in 5% CO 2 . Subsequently, the absorbance of each sample was measured of 450 nm using a microplate reader. The mean optical density (OD) values of six randomly selected wells from each treatment group were used as an index of cell viability.
Proinflammatory cytokine ELISA. A549 cells were seeded in a 6-well plate at a density of 2x10 5 cells/ml and stimulated with different conditions. Following treatment, cells were washed three times with PBS and their IL-6 and TNF-α contents were measured using ELISA kits, according to the manufacturer's protocol.
Western blot analysis. Cells were rinsed twice with PBS and dissolved in SDS sample loading buffer. Total proteins were extracted using a radioimmunoprepitation assay lysis buffer (Beyotime Institute of Biotechnology). Protein concentrations were determined using a BCA assay. Equal amounts of extracted protein samples (30 µg) were separated by 10% SDS-PAGE and transferred onto a polyvinylidenedifluoride membrane. The membrane was blocked with 5% bovine serum albumin (BSA; Beyotime Institute of Biotechnology) at room temperature for 2 h under agitation to prevent non-specific antibody binding. The membranes were then incubated with the following primary antibodies at 4˚C for 12 h: Anti-STAT3, anti-SOCS3, anti-JAK2, anti-p-JAK2 and anti-p-STAT3, and anti-β-actin. Subsequently, the membrane was rinsed with PBS and incubated with goat anti-rabbit horseradish peroxidase-conjugated secondary antibody for 1 h at room temperature. The protein bands were visualized by enhanced chemiluminescence using an Odyssey Infrared Imaging system (LI-COR Biosciences), and blots were semi-quantified by densitometry using Quantity One software version 4.6.2 (Bio-Rad Laboratories, Inc., Hercules, CA, USA).
Statistical analysis. Data are presented as the mean ± standard error of the mean. Statistical analysis was performed using GraphPad Prism software version 5.0 (GraphPad Software, Inc., La Jolla, CA, USA). The statistical significance of the differences between groups was evaluated using an unpaired Student's t-test for pair-wise comparisons, or a one-way analysis of variance followed by the Tukey post hoc test for multiple comparisons. P<0.05 was considered to indicate a statistically significant difference.
Results
SOCS3 is overexpressed in A549 cells following transfection.
To assess the effects of SOCS3 activation in hyperglycemia-induced lung injury, human A549 lung epithelial cells were transfected with pcDNA3.1-SCOS3 expression vector expressing green fluorescence or empty vector control expressing no fluorescence. As presented in Fig. 1A and B, intense green fluorescence was observed in pcDNA3.1-SCOS3-transfected cells compared with control vector-transfected cells. Furthermore, western blot analysis demonstrated that the protein expression of SOCS3 was significantly increased by transfection with the SOCS3 overexpression plasmid compared with the empty vector-transfected group (Fig. 1C and D) .
Morphological alterations following SOCS3 overexpression in HG-treated A549 cells. The morphology of A549 cells from the various treatment groups was observed under an inverted microscope. A549 cells cultured in normal control medium (NG group) exhibited shuttle-like shapes, and long and fine cell bodies ( Fig. 2A) . However, exposure to HG markedly altered the morphology of the cells in the HG group, which exhibited shorter and less extended cell bodies, and the cells were dead and lysed with more cell fragments (Fig. 2B) , thus suggesting that HG exposure may induce apoptotic morphological characteristics in A549 cells. When exposed to high osmotic pressure, the cells exhibited fusiform shapes with failed outgrowth of processes, whereas cell loss was also observed (Fig. 2C) . Treatment with tyrphostin AG490 appeared to attenuate the morphological changes in HG-treated cells, and to increase their density (Fig. 2D) . Cell morphology appeared to be similar between cells in the HG and HG+SOCS3 -groups (Fig. 2E) ; whereas SOCS3 overexpression appeared to produce similar effects in HG-exposed cells (Fig. 2F) appeared to attenuate the morphological changes caused by HG.
HG exposure suppresses the viability of A549 cells. A CCK-8 assay was used to evaluate the viability of A549 cells from the various treatment groups in vitro. As presented in Fig. 3A , the viability of cells exposed to HG was significantly decreased compared with the NG group (P<0.05). Notably, the viability of cells in the HG+AG490 and HG+SOCS3 + groups was significantly enhanced compared with cells in the HG group (P<0.05; Fig. 3A ). In addition, cells in the HG+SOCS3 + group exhibited increased viability compared with cells in the HG+SOCS3 -group (P<0.05; Fig. 3A ). An LDH cytotoxicity assay was also used to evaluate cell viability. The present results demonstrated that LDH activity was significantly increased in HG-treated cells compared with the NG group (P<0.05; Fig. 3B ). Conversely, LDH activity in cells from the HG+AG490 and HG+SOCS3 + groups was significantly suppressed compared with the HG group, indicating an increase in cell viability (P<0.05; Fig. 3B) . Furthermore, the viability of HG+SOCS3 + cells was significantly enhanced compared with HG+SOCS3 -cells (P<0.05; Fig. 3B ). Notably, hyperosmolarity did not appear to exert an effect on A549 cell viability (OG group; Fig. 3A and B) .
HG induces the expression of IL-6 and TNF-α in A549 cells.
As presented in Fig. 4 , IL-6 levels were increased by >2-fold in HG-treated cells compared with in NG cells (P<0.05; Fig. 4A ). In addition, TNF-α levels were increased by~3-fold following HG exposure (P<0.05; Fig. 4B ). Notably, IL-6 and TNF-α levels in cells from the HG+AG490 and HG+SOCS3 + groups were significantly decreased compared with in cells from the HG group (P<0.05). Furthermore, IL-6 and TNF-α levels were significantly increased in the HG+SOCS3
-group compared with in HG+SOCS3 + cells (P<0.05; Fig. 4A and B) . Effects of SOCS3 overexpression on the expression of JAK2/STAT3 pathway proteins. As demonstrated in Fig. 5 , p-JAK2 and p-STAT3 densitometric units were normalized to that of total JAK2 and STAT3 respectively. The protein expression levels of p-JAK2 and p-STAT3 were significantly upregulated in HG cells compared with in cells from the NG group (P<0.05). Following treatment of HG-exposed cells with the JAK2/STAT3 signaling pathway inhibitor tyrphostin AG490, the protein levels of, p-JAK2 and p-STAT3 were significantly downregulated compared with the HG group (P<0.05; Fig. 5 ). In addition, SOCS3 protein expression was enhanced in A549 cells following exposure to HG compared with the NG group (P<0.05; Fig. 5 ). To investigate the putative regulatory effects of SOCS3 on the JAK2/STAT3 pathway, SOCS3 was overexpressed in A549 cells by plasmid transfection. The results revealed that SOCS3 overexpression significantly inhibited HG-induced upregulation of both phosphorylated JAK2 and STAT3 proteins compared with the control vector-transfected groups (P<0.05; Fig. 5) . Notably, the hyperosmolarity control did not exert an effect on the expression of JAK2/STAT3 pathway proteins in A549 cells (Fig. 5) .
Discussion
The present study demonstrated that the SOCS3/JAK2/STAT3 pathway was activated in HG-treated A549 lung epithelial -group. IL, interleukin; TNF, tumor necrosis factor; NG, normal glucose; HG, high glucose; OG, hyperosmotic group; SOCS3, suppressor of cytokine signaling 3. Figure 5 . Protein expression levels of p-JAK2, p-STAT3 and SOCS3 in human A549 pulmonary epithelial following various treatments. Protein expression levels of (A) p-JAK2 and total JAK2, (B) p-STAT3 and total STAT3 and (C) SOCS3, were detected using western blot analysis. β-actin was used as the loading control. Blots were semi-quantified using densitometry. Densitometric analysis of (D) p-JAK2, (E) p-STAT3 and (F) SOCS3. Cells were cultured under NG, HG and OG conditions, with HG + tyrphostin AG490, and with HG + pcDNA3.1-SOCS3 expression vector. Data areexpressed as the mean ± standard error of the mean of 10 independent experiments. * P<0.05 vs. NG group; # P<0.05 vs. HG group; $ P<0.05 vs.HG + SOCS3 -group. JAK, Janus kinase; NG, normal glucose; HG, high glucose; OG, hyperosmotic group; SOCS3, suppressor of cytokine signaling 3; p-, phosphorylated; STAT, signal transducers and activators of transcription.
cells. Previous studies reported that HG exposure enhanced the phosphorylation of proteins of the JAK/STAT pathway in human renal tubular epithelial and glomerular mesangial cells (24) (25) (26) . Similarly, in the present study, treatment of pulmonary epithelial cells with HG resulted in the significant increase of p-JAK2 and p-STAT3 protein levels. In addition, HG exposure was revealed to upregulate the protein expression of SOCS3 in A549 cells. Notably, SOCS3 overexpression was demonstrated to attenuate the HG-induced increases in p-JAK2 and p-STAT3, showing that SOCS3, which are negative regulators of the JAK2/STAT3 signaling pathway, are involved in hyperglycemia-induced cell responses during the development of diabetic lung injury. It has also been suggested that modulation of this pathway may prevent lung complications of diabetes.
The rapid worldwide increase in the prevalence of type 2 diabetes and diabetic lung injury has become a serious public health concern (1). Dyspnea upon exertion in patients with diabetes is often mistakenly associated with cardiovascular diseases and/or physical unfitness (3) . Accumulating evidence suggests that inflammation may serve a crucial role during the pathogenesis of type 2 diabetes, thus linking diabetes to various common comorbidities that also involve inflammatory mechanisms (7, 9) . The SOCS, JAK and Src families of kinases have been implicated in systemic responses to hyperglycemia (10, (27) (28) (29) ; however, their roles in inflammatory responses in the lungs have yet to be elucidated.
Previous studies have reported that SOCS3 expression is induced by various stimuli, including cytokines, Toll-like receptor ligands, bacteria and immune complexes (30, 31) . In addition, SOCS3 was demonstrated to be activated by lipopolysaccharide in neutrophils and macrophages (32) . The functions of SOCS3 in the lung have previously been investigated. However, the role of the SOCS3/JAK2/STAT3 signaling pathway in diabetes-induced lung injury has not yet to be elucidated. The present study demonstrated that SOCS3 may be involved in the regulation of JAK2/STAT3-mediated signaling in HG-exposed A549 cells. To the best of our knowledge, this is the first time that SOCS3 has been associated with the modulation of JAK2/STAT3 signalingin an in vitro model of diabetic lung injury.
During the pathogenesis of diabetic lung injury, hyperglycemia triggers several intracellular processes in lung cells, including the generation of reactive oxygen species, the activation of protein kinase C and of various proinflammatory cytokines (8) . TNF-α and IL-6 are proinflammatory cytokines that have been revealed to be upregulated following exposure to HG (33) . In addition, the prolonged increase in IL-6 production during inflammatory-induced lung injury has been associated with increased mortality (34) . Notably, SOCS3 has been implicated in the regulation of signaling by the IL-6 family of cytokines, through the inhibition of STAT3 activation (35) . In the present study, HG exposure was revealed to potentiate TNF-α and IL-6 levels in A549 cells, whereas treatment with the JAK2/STAT3 inhibitor tyrphostin AG490 attenuated the HG-induced increases in cytokine production. Furthermore, the present findings demonstrated that SOCS3 overexpression similarly prevented the HG-induced upregulation of TNF-α and IL-6 levels. In addition, the viability of A549 cells was significantly decreased following exposure to HG, indicating the development of HG-induced lung cell injury. These results suggested that SOCS3 may inhibit the HG-induced upregulation of JAK2/STAT3 proteins, adhesion molecules and cytokines in the lungs, thus suggesting a critical role for the SOCS3/JAK2/STAT3 pathway during the inflammatory responses to hyperglycemia. SOCS proteins are activated by several stimuli and inhibit JAK/STAT signaling in a negative feedback loop involving various mechanisms (36) . In agreement with previous data, HG increased the tyrosine phosphorylation of JAK/STAT members in human MCs and HK2 cells (37) . HG may induce the transcriptional activation of STAT3. Along with STAT activation, HG transiently induced SOCS expression (21) . In the present study, western blot analysis demonstrated that HG exposure potentiated the expression of SOCS3, JAK2 and STAT3. In addition, HG induced the phosphorylation of JAK2 and STAT3 proteins compared with the control groups, indicating that HG is a potent inducer of both JAK2 and STAT3 tyrosine phosphorylation. The JAK2 specific inhibitor AG490 inhibited the HG-induced p-STAT3 protein expression. The results also suggested that JAK2 serves an important role in HG activation of STAT3. Similarly, SOCS3 overexpression significantly inhibited HG-induced tyrosine phosphorylation JAK2 and STAT3. A549 cells were treated with D-mannitol to confirm that the effects of HG treatment were not a result of hyperosmolarity.
Previous studies have suggested that the inhibition of JAK/STAT signaling through various mechanisms, including JAK2 inhibition, STAT3 knockdown and pharmacological intervention, may counteract HG-induced JAK/STAT activation and prevent the development of HG-associated injury (25, 38) . In the present study, SOCS3 overexpression was revealed to prevent tyrosine phosphorylation of JAK2 and STAT3 induced by HG in A549 cells, thus suggesting that SOCS3 may protect against HG-induced lung injury through the inhibition of the JAK2/STAT3 pathway to the progression of chronic inflammatory diseases, as previous studies have demonstrated (39) (40) (41) (42) . Therefore, it may be hypothesized that strategies aiming to upregulate the expression of SOCS proteins in the lungs have potential for the treatment of patients with diabetic lung injury.
In conclusion, the present study demonstrated that HG exposure increased SOCS3 expression, induced the activation of the JAK2/STAT3 pathway and potentiated the production of proinflammatory cytokines in A549 cells. Furthermore, SOCS3 overexpression and JAK2/STAT3 inhibition attenuated the HG-induced morphological alterations in lung cells, enhanced their viability and suppressed cytokine production. These findings suggested the involvement of the JAK/STAT/SOCS pathway in hyperglycemia-induced cell responses during the development of diabetic lung injury. Further studies are required to elucidate the molecular mechanisms underlying the roles of SOCS3 in the regulation of JAK2/STAT3 signaling and the modulation of inflammatory responses in the lungs. and the National Natural Science Foundation of China (grant nos. 81471844 and 81501648).
